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ABSTRACT

This report covers in detail the solid state research work of the Solid
State Division at Lincoln Laboratory for the period 1 May through
31 July 1985. The topics covered are Solid State Device Research,
Quantum Electronics, Materials Research, Microelectronics, and
Analog Device Technology. Funding is primarily provided by the Air
Force, with additional support provided by the Army, DARPA,
Navy, SDIO, NASA, and DOE.
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INTRODUCTION

1. SOLID STATE DEVICE RESEARCH

Low-dark-current (2.5 X 10-5 A/cm?), high-speed (50-ps) n*InP/InGaAs/ p*InP double-heterojunction
PIN photodetectors have been grown by special liquid-phase-epitaxial techniques. This development
allows front-illumination, which substantially simplifies device fabrication and operation. Good con-
trol of pn junction location and layer thickness permits optimization for high-speed performance.

2. QUANTUM ELECTRONICS

The optical properties of Er:YAG laser crystals have been measured, and laser gain and absorption
parameters have been calculated. We found that, with diode laser pumping at 1.452 um, moderate
gain at 1.645 um should be possible at room temperature and high gain should be obtainable at
195 K.

A study has been initiated for potential nonlinear materials that can be used to achieve efficient
frequency tripling of 1.645-um radiation at high average-power levels. Initial studies indicate that
KTiPO, is a promising material for this purpose, and an effort is under way to measure relevant
parameters.

3. MATERIALS RESEARCH

Test chips containing a 120-gate-array circuit and a two-phase dynamic shift register have been
fabricated in Si-on-insulator films prepared by zone-melting recrystallization using graphite strip
heaters. Both circuits give good high-speed performance, showing that their operation is not signifi-
cantly affected by the subboundaries present in the films, although the circuit yield is still limited by
surface defects such as voids and protrusions.

The results of optical absorption and electrical measurements made on crystals of V-doped InP
grown by the liquid-encapsulated Czochralski method show that the electronic level of V in InP lies
lower than about 0.25 eV above the valence band edge. Therefore, semi-insulating InP cannot be
obtained by V doping.

4. MICROELECTRONICS

Impedance and mutual-coupling measurements have been made on planar receptor circuits at a
scale-model frequency of 3.2 GHz. The results suggest how improvements may be made in the sensi-
tivity and resolution of planar heterodyne imaging arrays operating at millimeter wavelengths.

Reproducible fabrication of high-frequency permeable-base silicon transistors (PBTs) with maximum
stable power gains as high as 20.7 and 14.1 dB at 18 and 26.5 GHz, respectively, have been observed.
The large, reproducible power gains of these devices exceed the microwave performance of all PBTs
fabricated to date.
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Photoluminescence data of quantum wells in GaAs-Ga;_,Al,As have been combined with an accu-
rate theory of two-dimensional excitons to provide a convenient technique for determining the
dimension of a quantum well in these materials for wells ~40 to 200 A wide.

5. ANALOG DEVICE TECHNOLOGY

Thin (15-um) silicon substrates bonded to glass support wafers are being developed for miniature
superconductive microwave delay lines. Niobium ground planes at the silicon/glass interface have
been discovered to become oxidized during the bonding procedure. Niobium nitride has proven to be
an effective diffusion barrier, preventing this oxidation and preserving the low conduction loss of the
niobium.

Reflections of bulk acoustic waves from optically generated holograms in Fe-doped LiNbO; have
been observed and measured. Holographic gratings with a period of 3.6 um were written by exposure
to an Ar laser and were found to have a reflection coefficient per grating element of 1.5 X 104, Such
reflections can be utilized to produce a number of different signal-processing devices such as band-
pass filters, resonators, and delay lines, with several-gigahertz bandwidth and several microseconds
of delay.

A simple apparatus based on classical optics has been developed that performs the convolution of an
image with an arbitrary positive, space-limited function. The convolution of an image with Gaussian
functions of widely varying widths has been demonstrated by using a single screen with a transmissiv-
ity that follows a truncated Gaussian function. By taking the difference of appropriate pairs of
convolved images according to the difference-of-Gaussians (DOG) algorithm, edge detection has
been performed.

A phase-locked loop has been developed for signal excision in wideband receiver applications. The
system has three internal loops and will set on frequency in less than 20 us in a band from 250 to
350 MHz with a phase error less than 3° and a spurious level, measured over any 10-kHz-wide band,
of less than -55 dB with respect to the carrier.
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1. SOLID STATE DEVICE RESEARCH

1.1 DOUBLE-HETEROSTRUCTURE InGaAs/InP PIN PHOTODETECTORS

Ing 53Gag 47As/InP avalanche and PIN photodetectors are attractive for applications involv-
ing wavelengths shorter than 1.7 um. Most InGaAs detectors reported to date!# have been
single-heterojunction devices with the disadvantage of requiring back-side illumination. Also, most
have had the pn junction deliberately displaced from the heterointerface. Here, we report results
on high-performance PIN photodetectors made from n*InP/InGaAs/p*InP(substrate) double
heterostructures in which the pn junction is grown and coincides with the heterojunction. This
structure does not require a diffusion step in fabrication and allows for greater control of junc-
tion location and layer thickness, which, in turn, makes it possible to minimize device response
time. For the ultimate in high-speed performance, back-side illumination must be used because
the small active areas required are entirely covered by the top contact. However, front-
illuminated detectors, which are considerably easier to fabricate and use, are shown to exhibit
response times of =50 ps and are predicted to be capable of response times of 30 ps.

Figure 1-1 shows the basic inverted mesa device structure. The InGaAs and n*InP layers
were grown by liquid phase epitaxy (LPE) directly on the liquid-encapsulated-Czochralski (LEC)-
grown p* substrate. Two forms of InGaAs were used: (a) an n- layer, unintentionally doped, with

n* — InP (3 x 1019 cm-3)

InGaAs

I «— POLYIMIDE
OR S8i0,

p* — InP (2 x 1018 cm-3)

RHRRRRRRRRRRRRRSRY BN *—— AuMg

Figure 1-1. Inverted-mesa double-heterostructure PIN photodetector. The InGaAs layer
thickness d was 1.5 10 5 um and its carrier concentration was either (a) 6 X 10’ cm3 < n" <
1 X 101 em™3, or () n=p = 1 X 1012 cm3. Device diameters D ranged from 6 ta 75 um.



RN .
\\

e e~ & E
=y ~ D= 75 um 3
‘ 3
E ‘\ ‘\1-_ // 3
% | T e 1

\ il ol P
E 19 3 A< . =
—— - - -
= s 3
w - ‘\~- 25 um ]
§ - ~‘s- =l
h -

‘I~-
-
- by
-
-

— — —— RC TIME CONSTANTS
(50 ohms)
TRANSIT TIME
J tv=2x% 107 ¢cm/s)
o i

LML S ALLL
1 1 28190

01 L L 1 1 2 1

(a)

LRRARL
L1idit

1
/
1

CARRIER CONCENTRATION (cm-3)
T T 1T
™
n
™
@
L1

1016

1019

LIRARRLL
JE S EEIN

T

1014 L Il L L A 1
0 2 4 6 8 10

DEPLETION LAYER THICKNESS (um)
(b)

Figure 1-2. Calculated curves showing factors which are important in design of
high-speed PIN phoiodetectors. (a) RC time constant, for two device diameters D,
and transit time vs depletion depth. (b) Depletion depth at breakdown for various
carrier concentrations.

1562209-N-01



concentrations between 6 X 10!4 and 1 X 10!6 cm-3, depending on the conditions of the pre-
growth baked; and (b) a semi-insulating (SI) layer with n = p = 1012 cm-3 and p = 2500 Q-cm
produced by Fe doping.® Normally, the InGaAs layer is dissolved when an attempt is made to
overgrow an InP layer by LPE, which is the reason the single heterostructure has been used in
reported work.!® Here, we have avoided this problem by growing the InP cap layer from a
Sn-rich, rather than In-rich, solution.’

For a high-speed PIN device, several considerations are important in selecting the carrier
concentration and thickness of the InGaAs layer; they are summarized in Figure 1-2. Fig-
ure 1-2(a) shows the calculated RC time constant for two device diameters and the calculated
transit time as functions of the active layer thickness, assuming it to be fully depleted. R is set by
the 50-() external load resistor, and C is the junction capacitance. The transit time is calculated
by dividing the depletion width by the saturation velocity [2 X 107 cm/s (Reference 8)). Fig-
ure 1-2(b) relates the carrier concentration to the depletion width at breakdown.? These curves
can be used to design a PIN detector. For example, if a certain device diameter is required, the
response time can be minimized by selecting a thickness from Figure 1-2(a) for which the RC
and transit times are comparable. It is necessary for the active layer to be fully depleted to pre-
vent the presence of slow diffusion current components, and an upper limit on the net carrier
concentration for this can be determined from Figure 1-2(b). For the devices reported here, the
InGaAs thickness ranged from 1.5 to 5 um, depending on the intended device diameter.

The devices had circular areas ranging in diameter from 6 to 150 um and were fabricated
with standard photolithographic techniques. Plated AuSn dots (6 to 25 um in diameter) and
evaporated AuMg (patterned to allow back-illumination) were alloyed to form ohmic contacts.
The capability of back-illumination affords the additional testing flexibility of being able to inject
carriers immediately adjacent to the pn junction. However, front-illumination is much more con-
venient from the standpoint of mounting, packaging, and aligning and, even on 75-um-dia. de-
vices (which can easily be front-illuminated), response times as short as 30 ps are predicted [see
Figure 1-2(b)]. Individual devices were cleaved and mounted in high-frequency microstrip pack-
ages (shown in Figure 1-3) which allowed both front- and back-illumination.

Figure 1-4 shows the carrier concentration as a function of distance from the pn junction for
a n*n p* device. The carrier concentration in the n- region is uniform and the grown n n* inter-
face is sharp. The InGaAs layer thickness derived from these measurements agrees well with the
values obtained directly by cleaving and staining the layer cross section.

Figure 1-5 shows the capacitance vs voltage characteristic for a device with Fe-doped ternary
layer. As expected for the very low background carrier concentration of the SI material, the ca-
pacitance is a function of voltage only at low bias (<0.5 V). This indicates that the depletion
region is not widening with voltage, i.e., that punch-through has been achieved and the active
layer is fully depleted.



Figure [-3.
microstrip carrier (white square at center) such that both front- and back-illumination are possible.

CONCENTRATION (cm-3)

Photograph of detector package. The device chip is mounted (inser) on the 50-C) alumina
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Figure [-4. InGaAs carrier concentration vs distance from pn junction for n-InGaAs
double-heterostructure device. The width of the n*n interface and the final value of the
carrier concentration are limited by the CV probing method used.
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Typical I-V characteristics, in the dark and under illumination, of a n*n-p* detector are
shown in Figure 1-6. Similar behavior was observed for the Fe-doped devices. The dark-current
density at punch-through (V, =8 V) is 2.6 X 10-3 A/cm2, which is comparable to that obtained
on single-heterojunction devices.!0 Two distinct regions are apparent in this curve. At low bias
(<15 V), the dark current varies slowly with voltage and is due to generation within the deple-
tion region. For higher biases, the tunneling current becomes dominant and increases nearly
exponentially with voltage.!! The photocurrent was measured by illuminating the detector with

= 1.15-um light from a He-Ne laser. The curve shown corresponds to front-illumination, but
similar behavior was observed when the light was incident from the back. The photocurrent is
nearly independent of bias, as would be expected with the hole diffusion length greater than the
active layer width.!2 The external quantum efficiency, measured using a calibrated Ge photodi-
ode, was 59 percent from the front and 55 percent from the back, on devices without antireflec-
tion coating. This indicates that the thin, but heavily doped, n*InP layer is at least as transparent
as the more lightly doped (but thicker) p* substrate.

Two types of high-frequency measurements were carried out on these devices. To test pulse
response, a comb-generator-driven InGaAsP laser (A = 1,24 um) was used as a source, and the
output of the detector was fed to a sampling oscilloscope. The results obtained with a 75-um-dia.
n*Slp* detector illuminated from the front are shown in Figure 1-7. The full-width-at-half-
maximum (FWHM) is 52 ps. A similar result is obtained when the electrical output of the comb
generator is directly connected to the sampling oscilloscope, and we conclude that the response is
not being limited by the detector. Measurements in the frequency domain were carried out using
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Figure 1-6. Current vs reverse-voliage characteristics for n"InGaAs device
in the dark and under front-illumination. The dark current shows the genera-
tion and tunneling (exponential) regimes. The voltage independence of the
photocurrent is a result of long diffusion lengths relative 1o the layer thickness.

an intracavity-loss modulator laser!3 as a source. Figure 1-8 shows the response of a 25-um-dia.
back-illuminated n*n—p* detector at 10 GHz. The full depth of modulation observed indicates
that all components in the source-detector system respond at this frequency (which is equivalent
to =~50-ps pulse response). These measurements have recently been extended to frequencies up to
13 GHz (Reference 14), but network analyzer measurements indicate package roll-off above this
frequency. An accurate assessment of the detector high-speed capabilities using these techniques is
difficult because it is the total system response that is measured. Correlation techniques,!5 which
are presently being implemented, will be useful in getting around these limitations and should
lead to a more definitive statement of the high-frequency performance of these devices.

V. Diadiuk
S.H. Groves
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Figure 1-7. Response of front-illuminated Sl-InGaAs detector 1o comb-generator-
driven InGaAsP laser. System-limited FWHM is 52 ps.
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Figure 1-8.  Response of back-illuminated n"InGaAs device to 10-GHz output
of intracavity-loss modulator laser.
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2. QUANTUM ELECTRONICS

2.1 Er:YAG LASER CRYSTAL CHARACTERIZATION

Er:-YAG is under study as a potential optical pump source. The optical absorption properties
of Er:YAG samples obtained from several boules have been measured at room temperature,
195 K, and 77 K.

Figure 2-1 shows the measured absorption curve of a 5-mm-thick sample of 1% Er-doped
Er:YAG (1.4 X 1020 Er*3 ions/cm?) and the associated energy level diagram. The absorption
cross section at 1.45 um was measured for a single line to be 6.3 X 10-20 cm?2 at 300 K and
8.4 X 1020 cm?2 at 195 K; at 1.645 um, it was 1.9 X 10-20 cm2 at 300 K and 2.9 X 10-20 cm2 at
195 K. These absorption values were used along with the appropriate population distribution
within the ground state manifold to calculate expected gains for an Er:YAG transition. For an
assumed pump intensity of 100 W/cm?2 at 1.45 um and 7 ms (the lifetime of excited Er*3 in the
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Figure 2-1. Spectroscopy of Er:YAG.



4I|3/2 level) after the onset of pumping, the ratio of upper-to-lower-state population (N,/Ny) was
found to be 1.9 at 300 K and 10.4 at 195 K. The maximum energy extraction efficiency is given
by 1 - (Np/N,); this yields extraction efficiencies of 47 percent at 300 K and 90 percent at 195 K.
Single-pass gains are given by G = exp[(N,, - Ng)og] and are 1.63 at 300 K and 12.2 at 195 K for
a 10-cm path. These predicted gain values indicate that the diode-laser-pumped Er:YAG laser
should operate with moderate pumping power. Further work is being conducted to verify these
predictions.

D.K. Killinger
2.2 KTP FREQUENCY CONVERSION

A study of the feasibility of achieving high-efficiency tripling of 1.645-um laser radiation has
been initiated. It is necessary that the tripling be performed at relatively high average-power
levels with pulse lengths of the order of 100 us. Tripling is carried out in two steps; the first
involves second-harmonic generation (SGH), and the second involves summing the fundamental
and frequency-doubled beams.

The only commercially available nonlinear crystals which are potentially suitable for this
application (i.e., transparent over the spectral range from 0.54 to 1.65 pm) are LiNbO;, LilO;,
and KTiOPO4 (KTP). LiNbO; has been eliminated from initial consideration because of the
extreme temperature sensitivity of its indices of refraction, which tends to limit its power-
handling capability, and the presence of two-photon absorption near the tripled frequency.! In
addition, SHG experiments carried out under similar conditions have indicated that KTP has sev-
eral advantages relative to LilOs, including a higher power-handling capability, a higher effective
figure of merit, and a higher damage threshold.2-5 For these reasons, initial research efforts have
been directed primarily toward further study of KTP.

KTP is an orthorhombic biaxial crystal with mm2 symmetry, with different indices of refrac-
tion (n,, ny, n,) along each of the principal axes. Hence, the index of refraction along an arbi-
trary direction is a function of two angles, 8 and ¢, where 6 is taken as the angle between the
beam direction and the z-axis and ¢ is the angle between the x-axis and the x-y-plane compo-
nent of the beam direction.

Using the Sellmeier equations for KTP (Reference 6) to determine the indices of refraction
at the requisite frequencies, we have calculated the phase-matching angles, the effective nonlinear
susceptibility (d.g), and the angular and spectral bandwidths (FWHM) for doubling 1.645-um
radiation and for summing 1.645- and 0.822-um radiation. The results are given in Table 2-1 and
are compared with similar results reported for frequency-doubling 1.06 um. The values of 6 and
¢ shown in Table 2-1 are those which maximize d.g for the given frequency conversion. Only
type 11 phase-matching results are given, because d.g values obtained using type I phase match-
ing are almost an order-of-magnitude smaller.

A notable feature of the 1.645-um doubling and summing relative to the 1.06-um doubling is
the much larger walkoff angle (>2.5°). This factor, coupled with the sharply reduced angular
bandwidth, may severely limit the ability to achieve high-efficiency tripling starting with a single
1.645-um source.

10



TABLE 2-1
Type |l Frequency Conversion in KTP

SHG SHG Summing
1.06 um 1.645 um 1.645 + 0.822 um

6 (deg) gola) 53.3 59
¢ (deg) 26la) 0 0
dggt (M/V) 7.4 X 10-12(c) 6.1 X 10712 6.5 X 10-12
Angular Bandwidth 15 to 68(b) 1.7 0.9

(mrad-cm)
Spectral Bandwidth 5.6(0) 47 15

(A-cm)
Walkoff (mrad) 4.5(c) 47 48

(a) Reference 2
(b) Reference 3
(c) Reference 4

The damage threshold of KTP when irradiated with a 15-ns laser pulse is 250 MW/cm?2, and
SHG experiments at 1.06 um with a 3.9-cm-long crystal have shown an initial efficiency slope of
approximately 0.3%/MW (Reference 3). This is significantly below the efficiency value predicted
on the hasis of the standard SHG equation’ using the known dg value and assuming complete
optical transmission and phase matching. The efficiency is proportional to d2g/A2n3, where A is
the laser wavelength and n is the refractive index. Comparison of the values at 1.064 and
1.645 um indicates that conversion efficiency at 1.645 ym should be down from that at 1.064 um
by a factor of over 3, assuming all other effects equal.

We have obtained a 3 X 3 X 5 mm KTP crystal oriented for SHG phase matching at
1.645 um. The crystal is being used in conjunction with relatively long laser pulses (~1 us) at
1.645 pm obtained from a pulsed, Q-switched Co:MgF, laser. Initial investigations will include
optical absorption measurements between 0.5 and 2 um, a damage threshold determination at the
longer pulselength, and SHG conversion experiments.

N. Menyuk
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3. MATERIALS RESEARCH

3.1 CMOS GATE ARRAYS AND DYNAMIC SHIFT REGISTERS FABRICATED
IN ZONE-MELTING-RECRYSTALLIZED SOI FILMS

For some time, we have been using zone-melting recrystallization (ZMR) by the graphite-
strip-heater technique to prepare Si-on-insulator (SOI) films on 3-in.-dia. Si wafers.! The films
generally contain numerous subgrain boundaries (subboundaries) and, in some cases, surface
imperfections such as protrusions and voids. For SOI wafers mounted on a vacuum chuck, after
ZMR the total warp is less than 5 um, peak to valley.2

To evaluate the ZMR SOI films for integrated-circuit applications, we measured the perfor-
mance of CMOS test circuits fabricated in 3-in.-dia. films. To design the test chip incorporating
these circuits, the design of a chip used in bulk CMOS process development was modified for
SOI and silicon-on-sapphire (SOS) processing. The SOI/SOS chip, based on a 5-um design rule,
contains a 120-gate array, a two-phase dynamic shift register, and various test structures for pro-
cess control and parameter testing. The chip size is about 6 X 6 mm. Fabrication is accomplished
by a single-poly, single-metal process requiring a total of seven photolithographic masks.

Three 3-in. SOI wafers and three 3-in. commercial SOS wafers, each with a Si film 0.5 um
thick, were processed. Figure 3-1 is a photograph of a finished SOI wafer, which contains about
90 test chips. Figure 3-2(a) is a photograph of an SOI gate-array circuit, which consists of two
ring oscillators with fanout of 1 and 3, respectively, and several NAND-gate delay chains. The cir-
cuit contains about 600 transistors. Figure 3-3(a) is a photograph of an SOI shift register.

Individual SOI n- and p-channel test devices show well-behaved characteristics with surface
electron and hole mobilities of ~600 and 240 cm?2/V-s, respectively. The corresponding mobilities
for the SOS devices are ~450 and 220 cm2/ V-s. Figure 3-2(b) shows typical output waveforms
for the two ring oscillators in the SOI gate-array circuit. The waveforms show full voltage swing
for a 5-V supply voltage. Figure 3-2(c) is a plot of stage delay vs supply voltage for the SOI,
SOS, and bulk Si circuits. For a supply voltage of 5 V and a fanout of 1, the stage delay is
1.2 ns for the SOI circuit compared with 1.4 and 2 ns, respectively, for the SOS and bulk cir-
cuits. The higher speed of the SOI circuit is attributed to the higher carrier mobility and lower
parasitic capacitance of the SOI devices. The yield of SOI gate-array circuits is approximately
60 percent. The inoperative circuits often contain visible surface defects, which are mostly voids
in the SOI film. Reducing the density of such defects would lead to a significant improvement in
circuit yield.

Selected SOI test chips were packaged for the measurement of dynamic shift register circuit
performance. The measurements were made with a tester having a maximum clock frequency of
20 MHz. Figure 3-3(b) shows the performance at a clock frequency of 10 MHz. The circuit per-
forms properly up to at least 20 MHz and down to 20 Hz. The high-speed performance is consis-
tent with the low stage delay observed in the ring-oscillator measurements, and the low-frequency
operation indicates low leakage current.

13



The present results show that the subboundaries in the ZMR SOI films do not significantly
affect the performance of circuits with a 5-um design rule, but surface imperfections such as
voids are detrimental to circuit operation. Elimination of these imperfections is therefore neces-
sary to permit the utilization of ZMR SOI films for large-scale integrated-circuit applications.

B-Y. Tsaur
C.K. Chen

i7igure 3-1. Photograph of a 3-in.-dia. SOI wafer after fabrication
of CMOS test chips.
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Figure 3-2. (a) Photograph of an SOl CMOS gate-array circuit. (b) Output waveforms of SOI ring
oscillators with fanout of 1 or 3. (c) Ring oscillator stage delay as a function of supply voltage for
SOI, SOS, and bulk Si gate-array circuits.
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Figure 3-3. (a) Photograph of an SOl CMOS dynamic shift register. (b) Input and output waveforms
of the shift register at a clock frequency of 10 MH:.
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3.2 OPTICAL AND ELECTRICAL PROPERTIES OF V-DOPED InP

An essential requirement for a viable InP-based microwave and millimeter-wave 1C technol-
ogy is the availability of high-quality, semi-insulating InP substrates with sufficient thermal stabil-
ity to permit the fabrication of reproducible devices. Semi-insulating bulk InP crystals have so
far been prepared only by doping with Fe or Cr, which typically yields resistivities of 107 to 108
and 104 to 105 Q-cm, respectively. The thermal stability of substrates obtained from such crystals
is marginal. Since the preparation of semi-insulating GaAs by means of V doping has recently
been reported,34 we have carried out an investigation to determine whether V doping can also be
used to prepare semi-insulating InP. Unfortunately, we have found that this is not the case.

Samples for optical and electrical measurements were cut from a number of InP boules
grown by the liquid-encapsulated Czochralski technique from melts doped with 0.3 to 0.6 at.% V.
In some growth runs, the V was added to the starting charge. In others, in order to demonstrate
the effects of V doping as clearly as possible, the V was dropped into the melt after part of the
boule had been grown, and samples were cut from the regions grown before and after the V was
added. This delayed-doping procedure was used for growing one n-type boule and several p-type
boules, using starting charges that were nominally undoped and lightly Zn doped, respectively.
The last-to-freeze portion of every boule appeared to contain precipitated or occluded second-
phase material, suggesting that the solubility limit for V may have been reached.

Figure 3-4 shows the room-temperature optical absorption spectrum measured from 1.0 to
1.6 um for a sample from the V-doped portion of the n-type boule grown by the delayed-doping
procedure. The spectrum is similar to the one obtained for V-doped n-type InP by Zakharen-
kov et al.,> who have attributed the observed absorption bands to intra-atomic transitions from
the occupied ground state of the V center.

Figure 3-5 shows room-temperature absorption spectra for two samples from a p-type
Zn-doped boule grown by the delayed-doping procedure. The lower, featureless curve was
obtained for a sample from the portion of the boule grown before addition of V to the melt. The
upper curve, which was measured for a sample from the region grown after V addition, shows
the structure characteristic of absorption by the V center. The absorption bands are not much
lower in intensity than those for the n-type sample of Figure 3-4, although they are somewhat
broader. Since the V concentration in the n- and p-type samples should be comparable, this sim-
ilarity in intensity implies that the degree of occupation of the V center is also similar. This, in
turn, implies that the electronic level of V in InP cannot lie far above the position of the Fermi
level in the p-type sample, which is located about 0.18 eV above the valence-band edge. For
example, if the V level were located even 0.25 eV above the valence-band edge it would be only
about 5-percent occupied in this sample, and the absorption would be much weaker. Thus, this
level must lie lower than about 0.25 eV above the valence-band edge. Therefore, the level must
be fully occupied in n-type samples, where the Fermi level lies close to the bottom of the conduc-
tion band.
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The optical absorption results establish that V is present in the portion of the InP boules
grown after V is added to the melt, but they do not show whether V is electrically active in InP.
To investigate this question, Hall-coefficient measurements were made to determine carrier con-
centration as a function of distance along the vertical axis of the n- and p-type boules grown by
the delayed-doping procedure. In the p-type boule, the hole concentration varies smoothly from
about 5 X 10!S cm-3 at the bottom to about 3 X 1015 cm3 at the top. If V is electrically active,
it changes the carrier concentrations in this boule by significantly less than 1015 cm3. The results
for the n-type boule are plotted in Figure 3-6. Although the electron concentration increases
appreciably after the addition of V to the melt, it is unlikely that this increase is due to the
donor action of V, since a donor located close to the valence-band edge would not be expected
to make a significant contribution to the electron concentration in a material containing shallow
donors. The observed increase might be due to the normal segregation of residual electrically
active impurities, the introduction of a donor impurity as a contaminant in the V, or a change
produced by V in the gettering actionb of the B,O3 encapsulant.
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Figure 3-6. Carrier concentration vs distance along the vertical axis for an n-type InP crystal
initially grown without intentional doping, and then doped with V.
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On the basis of deep-level optical spectroscopy and secondary-ion mass spectrometry (SIMS)
data, Bremond et al.7 have concluded that V is a donor in InP which is located about 0.2 eV
above the valence-band edge and has a maximum concentration in the mid-10!5 cm3 range. This
assignment is consistent with our data, since such a donor would not significantly compensate the
Zn acceptors in p-type material with a hole concentration of only 3 to § X 1015 cm3.

Our results do not establish whether or not V is electrically active in InP. They do show,
however, that the V level must lie lower than about 0.25 eV above the valence-band edge. There-
fore, V doping cannot be used to obtain semi-insulating InP, since the preparation of such mate-
rial requires the use of a level closer to the center of the forbidden band.

G.W. Iseler
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4. MICROELECTRONICS

4.1 S-BAND MODELING OF A PLANAR MILLIMETER-WAVE RECEPTOR

The development of planar heterodyne receiver circuits operating at short-millimeter and
submillimeter wavelengths can be accelerated if the S-parameters of the circuits can be estimated.
Because direct measurements at these frequencies are either difficult or impossible, scale-model
measurements of these parameters have been made on one circuit which has shown promise as
an element in a millimeter-wave imaging array.!

The circuit investigated contains a pair of full-wavelength microstrip dipole antennas spaced
by A/2, which feed a GaAs Schottky diode located midway between the two dipoles. The circuit
was modeled at 3.2 GHz using copper tape of 100-um thickness as the conductor and Stycast*
K3.8 as the dielectric. The S-parameter measurements were made with a vector network analyzer,
which excited the circuit at the diode port via a coaxial feed. No mixing diode was present in the
model circuit.

An estimate of Sy, is important for improving the match between the antenna structure and
the mixing element. With the use of a GaAs Schottky diode, the feed should present the diode
with an impedance of approximately 200 ohms for best mixer sensitivity.2 An SIS device, which
has also been used as the nonlinear element in this circuit, generally requires a lower impedance
for the best performance.3

Figure 4-1 shows the impedance measured through a A/4 balun for the model circuit near
resonance. The values of impedance suggest that an alteration to the millimeter-wave-circuit
design could improve the match between the antenna and the Schottky diode. One possible
change is an increase in the feed gap of the dipole antenna. This holds promise because increas-
ing the feep gap of a full-wavelength dipole antenna generally decreases its resistance. This
reduced resistance is transformed to a higher resistance at the diode port by the A/4 transmission
line between each antenna and the diode port. The impedance at the diode port may also be
changed by altering the lengths of the A/4 transmission lines. Additional measurements need to
be made to evaluate the effect of these changes and to determine the influence, if any, of the
balun used in the model circuit.

When the circuits are spaced closely on the same substrate, as required for an imaging array,
a measurement of |S,| allows channel isolation to be determined. The coupling between adjacent
circuits is caused by near-field radiation as well as the propagation of surface waves along the di-
electric substrate.4 |S|,| was measured in the E- and H-plane configurations with receptor separa-
tion of Ag in each case, as shown in Figure 4-2. The results given in the figure lead us to believe
that the close element spacing necessary for diffraction-limited imaging (~A() at millimeter wave-
lengths will provide a high degree of channel isolation.

J.A. Taylor
W.J. Piacentini

* Emerson and Cuming Corporation, Canton, Massachusetts.
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Zq =41+j64 O fq =3.10 GHz

2, =38+j23 0 f, =3.26 GHz

Z3 =88+j57 O f3 =3.65 GHz

Figure 4-1. Smith chart display of impedance of single recepior
when excited at diode port near resonance.
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Figure 4-2. |S]3| between two receptors spaced by Ay
in the E- and H-plane configurations.

4.2 REPRODUCIBLE MICROWAVE PERFORMANCE OF GaAs
PERMEABLE BASE TRANSISTORS

Reproducible fabrication of high-frequency permeable base transistors (PBTs) with maximum
stable power gains as high as 20.7 and 14.1 dB at 18 and 26.5 GHz, respectively, have been
observed. The large, reproducible power gains of these devices exceed the microwave performance
of all PBTs fabricated to date.

A particularly good PBT wafer was fabricated approximately three years ago using chloride-
transport vapor phase epitaxy (VPE) for the overgrowth of the W base grating. This wafer con-
tained a number of devices having an extrapolated maximum frequency of oscillation (f,,,,)
exceeding 100 GHz (Reference 5). Numerous VPE-overgrown PBT wafers have been fabricated in
the years since, but this result could not be duplicated. To better understand the factors affecting
VPE overgrowth for PBTs, a comprehensive set of diagnostic experiments using secondary-ion-
mass-spectrometry (SIMS) analysis was conducted on PBTs overgrown using both VPE and
organometallic chemical-vapor deposition (OMCVD). The chemicals involved in the OMCVD epi-
taxial process were found not to incorporate in the overgrown GaAs, as happens with Cl in the
VPE process®7; therefore, PBTs were fabricated using Se-doped OMCVD overgrowth. The
results on this first wafer were very encouraging, with the exception of the output impedance,
which was significantly lower for the Se-doped OMCVD-overgrown PBT wafer compared with
the best VPE-overgrown PBT wafer.”:8 This low output impedance reduces the extrapolated f,,,,
but does not significantly affect the unity short-circuit current gain frequency fy.
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SIMS analysis done on this PBT and other test PBTs indicates that during the OMCVD
overgrowth a large and uncontrollable enhanced incorporation of Se occurred in the GaAs grown
over W gratings, compared with epitaxial growth on a homogeneous GaAs surface. This
enhanced dopant incorporation was responsible for the low output impedance. Si then was used
as the dopant during the OMCVD overgrowth of a PBT, and no enhanced incorporation of Si
near the W gratings was observed from the SIMS analysis; therefore, Si would appear to be a
superior dopant for PBT overgrowths. PBTs were then fabricated using Si-doped OMCVD over-
growth of the W base gratings. This PBT wafer duplicated the microwave performance of the
best VPE-overgrown PBT wafer.?

In spite of the encouraging results obtained with OMCVD overgrowth, contamination intro-
duced by pre-overgrowth processes remained as a source of variability in PBT wafers. These con-
taminants can produce an uncontrolled carrier concentration in the grating region and can
increase electron scattering, preventing ballistic transport. Consequently, a major effort was under-
taken to improve the purity of the W and the cleanliness of the pre-overgrowth processing. The
concentrations of Cu, Cr, and Au were significantly reduced in the sputter-deposited W by clean-
ing the sputtering system and dedicating it to high-purity W. Also, the purity of the Ni RIE
mask was improved by cleaning the electron-beam evaporation system before the Ni was depos-
ited. Dedication of the plasma asher to pre-overgrowth PBT fabrication eliminated gold contami-
nation from this source, and pre-etching the asher chamber eliminated Mg, Si, Ti, Cr, and Fe
contamination. Improved wafer-handling techniques, such as dedicated vacuum wands and twee-
zers, reduced environmental contamination in the PBT.

All the above procedures then were used to make a new set of PBT wafers which were
grown in both horizontal and vertical OMCVD systems using Si doping. The scattering parame-
ters of these wafers were obtained in a network analyzer from 0.1 to 26.5 GHz. The calculated
maximum stable power gains for two PBT wafers, one overgrown in a vertical OMCVD system
(HiP2) and another overgrown in a horizontal OMCVD system (Hp2), are shown in Figure 4-3.
HiP2 has good microwave performance up to 18 GHz; however, above this frequency the bond-
ing wires used to connect the collector and base to the test fixture produce resonances which
degrade the accuracy of the network analyzer measurements. Extrapolation of the maximum sta-
ble power gain for this PBT from 18 GHz, using —6-dB/octave roll-off, yields an f;,, of
195 GHz. This PBT has a power gain of 20.7 dB at 18 GHz, which is the highest power gain at
this frequency of any PBT fabricated to date.

To eliminate these parasitic resonances, gold mesh was used to bond the collector and base
contacts to the test fixture. The microwave performance of Hp2 under optimized bias conditions
for maximum power gain at 26.5 GHz is shown in Figure 4-3. Under these conditions the extrap-
olated f,, for this PBT wafer, grown in a horizontal OMCVD system, is 150 GHz. This device
also has the highest power gain at 26.5 GHz (14.1 dB) of any PBT fabricated to date.

Table 4-1 shows a summary of the microwave characteristics encompassing all the devices
processed in this most recent set of wafers. Six of the eight PBT wafers have an f,,, exceeding
100 GHz. This improvement in average performance and reproducibility compared with earlier
PBT wafers is quite encouraging. The other two devices were grown together, side by side, in the
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Figure 4-3. Maximum stable power gain for two PBTs fabricated using Si-doped OMCVD overgrowth.

TABLE 4-1

Comparison of Microwave Characteristics of Si-Doped,
OMCVD-Overgrown, GaAs PBTs

PBT OMCVD System Maximum Stable Power Gain (dB) ..
e Run Type 18 GHz 26.6 GHz (K]
HiP1 993 Vertical 16.8 12,5 125
HiP2 994 Vertical 20.7 - 195
Vici 994 Vertical 156.2 124 110
HdB4 8559 Horizontal 16.° 12.1 125
Hp2 8559 Horizontal 18.5 14.1 150
HdB3 8558 Horizontal Au Contamination —_ —
Hp4 8558 Horizontal 12.3 10.3 86
Hp3 8557 Horizontal 15.0 - 102
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same OMCVD overgrowth deposition. SIMS analysis on HdB3 indicates that this wafer was con-
taminated with gold. How it was contaminated is unknown. However, this wafer may have cross-
contaminated Hp4 in the OMCVD system or during the pre-overgrowth cleaning, which may
account for the extrapolated f, ,, of only 80 GHz obtained with the latter wafer.

In summary, incorporation of impurities in the PBT has been reduced by improving the pu-
rity of the sputtered W and by using extremely clean pre-overgrowth processing. When these
procedures are used, high reproducibility of PBTs with an extrapolated f,,, exceeding 100 GHz
has been obtained. While the contamination control instituted to date has been quite effective, sig-
nificant levels of contaminants are still present. Thus, further reduction of these contaminants
should improve the reproducibility and the performance of the PBT even more.

K.B. Nichols R.A. Murphy
M.A. Hollis S. Rabe

C.O. Bozler A. Vera

R.P. Gale W.J. Piacentini

4.3 SPECTRAL MEASUREMENT OF QUANTUM WELL WIDTH

A photoluminescence technique can be used to determine quantum well widths in GaAs-
AlGaAs superlattices or single wells, as described below. This method is convenient and accurate
within the limits imposed by theoretical calculations. We expect it to be more reliable than the
empirical determination of the quantum well widths by using the crystal-growth-rate data in an
MBE system.

In photoluminescence at low temperatures in quantum well structures, one observes a well-
resolved exciton emission consisting of light and heavy hole lines. The energy separation between
these two lines consists of the splitting due to quantum well confinement and the difference in
the excitonic binding energies of the light and the heavy hole. Both of these energies are depen-
dent on the quantum well width L, although the quantum well confinement splitting is more sen-
sitive to L than the exciton energies. With a theoretical scheme to calculate the energy separation
between these two exciton states, an effective value of L can be determined from analyzing photo-
luminescence data.

In a theoretical approach by Jiang,!0 the two aspects of the problem (quantum well confine-
ment and excitonic effect) are decoupled. This is achieved by using a variational-perturbation
method in which the Coulomb interaction is approximated by a two-dimensional form. This re-
duces the problem to that of a system with two decoupled modes of motions — parallel and per-
pendicular to the plane of the qauntum well. Jiang also simplifies the problem by treating the
heavy and light holes as different particles with scalar masses. This assumption introduces signifi-
cant error in the confinement energies only in narrow quantum wells (<80 A), where the penetra-
tion of the particle wavefunction into the barrier (AlGaAs) is appreciable. On the other hand, the
approach is shown to produce accurate exciton binding energies, and to provide a physically
valid model for a two-dimensional exciton.!1
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Figure 4-4. Energy separation between light- and heavy-hole exciton
emission in Gaj.xAlxAs quantum wells.

Using the physical parameters for GaAs and AlGaAs,!2 we plot the result of the calculation
of the exciton splitting from the above theoretical approach, and compare it with the experimen-
tal values by Miller et al.!3 The values of quantum well widths reported in Reference 13 are
determined by using the crystal growth rate and the times of growth, and are estimated to be
about 10-percent uncertain. The discrepancy between the two curves shown in Figure 4-4 can be
resolved with a lateral shift of Miller et al.’s result from the theoretical result, which is consistent
with the quoted figure of uncertainty in the former. We contend that the theoretical result from
the two-dimensional model provides a reliable means of determining the quantum well width
from photoluminescence data. This method can be further refined by taking into account the
proper effective mass tensor representation of the valence band, dispensing with the notions of
light and heavy holes as separate particles. The refined method will be more accurate and will be
useful even in narrower quantum well structures. We propose to calibrate the theory to accurate
measurements of quantum well widths determined from RHEED oscillations for values of L
from 40 to 200 A, where the scalar effective mass theory is valid.

B. Lax
H.Q. Le
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5. ANALOG DEVICE TECHNOLOGY

5.1 THIN STRIPLINE DIELECTRICS WITH PASSIVATED SUPERCONDUCTORS

The signal-processing capability of analog signal-processing devices depends on, among other
factors, the storage time of the devices. Superconducting analog signal-processing devices make
use of electromagnetic delay lines as the storage element. Thus, it is desirable in these devices to
be able to fabricate long delay lines in a compact structure. In order to pack a line densely with-
out excessive undesirable coupling between adjacent segments of the line, it is necessary to use
dielectrics as thin as 10 um. Described below is a technique for fabricating thin robust dielectrics
incorporating chemically passivated superconducting thin-film ground planes.

The method for fabricating thin dielectrics reported previously! makes use of a heavily doped
silicon wafer on which a lightly doped epilayer is grown. The epilayer side of the wafer is metal-
lized to provide a ground plane and bonded to a glass substrate (Pyrex) using electrostatic bond-
ing at 400°C (Reference 2). The original substrate is chemically dissolved by a resistivity-selective
etch,3 leaving behind the epilayer upon which the delay-line conductor is deposited and patterned
(Figure 5-1). Through stringent cleanliness and careful etch monitoring, large-area (4.8-cm-dia.)
defect-free films as thin as 15 um and uniform to less than 1 um have recently been produced in
our laboratory.

Resonators with a single Nb layer for the ground plane were built using this process in order
to evaluate RF losses of the Nb metal and the Si dielectric. The quality factor Q of these resona-
tors was too small to be measured. Two causes could be responsible for this: (1) the dielectric
losses on the epilayer could be too high, or (2) the bonding process could be affecting the quality
of the Nh_ground plane.

Experiments were performed to investigate the problem. Non-epitaxial silicon wafers with
known, low RF losses were bonded to glass and used for the fabrication of resonators. These
resonators also had unmeasurably low Qs. Thus, the problem seemed to be associated with the
deterioration of the Nb during bonding. This was confirmed both by DC measurements of the
films and by the Auger profile of the structure. For the resistivity measurement, a structure con-
sisting of patterned Nb strips-on silicon was built. The resistivity ratio, R(300 K)/R(77 K), of
these strips was found to be higher than 2.5, indicating Nb of good quality. The silicon substrate
was then electrostatically-bonded to a glass substrate at 400°C in an N, atmosphere with the Nb
strips at the bonding interface. Measurements of the resistivity ratio after the bonding showed a
drop to approximately 1. Measurements at liquid helium temperatures confirmed the fact that the
Nb was not superconductive at'4.2 K. Auger results [Figure 5-2(a)] show that a large amount of
oxygen had diffused from:the glass into the niobium.

To prevent the oxyggfl diffusion, we decided to investigate the use of NbN as a diffusion
barrier. Nitrides are known to be good diffusion barriers because of the decoration of the grain
boundaries with nitrogen, which prevents intergranular diffusion. Since the Auger results also
showed that some diffusion of silicon into the 3000-A-thick Nb film had occurred, 400-A-thick
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Figure 5-2. Auger profile of superconducting ground planes after bonding to Pyrex: (a) Nb ground plane;
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